Abstract: Amphibian populations are decreasing worldwide due to a variety of factors. In South America, the chytrid fungus Batrachochytrium dendrobatidis (Bd) is linked to many population declines. The pathogenic effect of Bd on amphibians can be inhibited by specific bacteria present on host skin. This symbiotic association allows some amphibians to resist the development of the disease chytridiomycosis. Here, we aimed (1) to determine for the first time if specific anti-Bd bacteria are present on amphibians in the Andes of Ecuador, (2) to monitor anti-Bd bacteria across developmental stages in a focal amphibian, the Andean marsupial tree frog, Gastrotheca riobambae, that deposits larvae in aquatic habitats, and (3) to compare the Bd presence associated with host assemblages including 10 species at sites ranging in biogeography from Amazonian rainforest (450 masl) to Andes montane rainforest (3200 masl). We sampled and identified skin-associated bacteria of frogs in the field using swabs and a novel methodology of aerobic counting plates, and a combination of morphological, biochemical, and molecular identification techniques. The following anti-Bd bacteria were identified and found to be shared among several hosts at high-elevation sites where Bd was present at a prevalence of 32.5%: Janthinobacterium lividum, Pseudomonas fluorescens, and Serratia sp. Bd were detected in Gastrotheca spp. and not detected in the lowlands (sites below 1000 masl). In G. riobambae, recognized Bdresistant bacteria start to be present at the metamorphic stage. Overall bacterial abundance was significantly higher post-metamorphosis and on species sampled at lower elevations. Further metagenomic studies are needed to evaluate the roles of host identity, life-history stage, and biogeography of the microbiota and their function in disease resistance.
INTRODUCTION
Many amphibians are experiencing population declines worldwide (Stuart et al., 2004; Skerratt et al., 2007) . Several factors contribute to this trend, including habitat loss, invasion of non-native species, overexploitation, climate change, and emergence of new pathogens (e.g. Kiesecker et al., 2001; Bosch et al., 2007) . One pathogen in particular, Batrachochytrium dendrobatidis (Bd), is responsible for the emerging disease chytridiomycosis (Berger et al., 1998) and associated mass mortalities in many species (Fisher et al., 2012) . Amphibian species and populations differ in susceptibility to this disease (Woodhams et al., 2007a; Kilpatrick et al., 2010; Tobler and Schmidt, 2010) . The fungal pathogen is inhibited by antimicrobial skin peptides produced by some host amphibians and by several bacteria associated with the skin of frogs (Harris et al., 2006; Woodhams et al., 2007b; Lauer et al., 2008; Becker and Harris, 2010) . These factors are thought to be related to differential host susceptibilities to disease.
Symbiotic microbiota is increasingly considered an important factor in host defense across a variety of organisms (Rosenburg et al., 2007) . Bacteria associated with amphibian skin that have antifungal properties belong to the genera Janthinobacterium, Pseudomonas, Pedobacter, and Serratia among others (Harris et al., 2006; Lauer et al., 2007 Lauer et al., , 2008 Woodhams et al., 2007b; Lam et al., 2010; Walke et al., 2011) . Here, we identify previously described anti-Bd bacteria on the skin of amphibians from Ecuador.
Ecuador is rich in amphibian species, and many cryptic species remain to be described (Funk et al., 2012) . Amphibians in the Neotropics have been strongly affected by Bd, and many populations are threatened (La Marca et al., 2005; Lips et al., 2005; Crawford et al., 2010) . These populations are distributed across several habitats where Bd has been reported (Ron and Merino-Vitteri, 2000; Bustamante et al., 2005) . Along the Andes, amphibians may be particularly susceptible to disease due to temperature and humidity conditions within the physiological parameters conducive to Bd (Piotrowski et al., 2004; Ron, 2005) . While Bd can cause disease at low elevations in the Neotropics (Kilburn et al., 2010) , population declines are more common at higher elevations (La Marca et al., 2005; Flechas et al., 2012) . We hypothesize that at high elevations, selection may favor the assemblage of anti-Bd skin microbiota on surviving hosts.
We aimed to determine if specific anti-Bd bacteria are present on amphibians in the Andes of Ecuador and to monitor anti-Bd bacteria through developmental stages in a focal amphibian species. At our field sites, there are several species of the genus Gastrotheca. Here, we focus on the different developmental stages of the Andean marsupial tree frog, G. riobambae, a species with a free aquatic larval stage. The presence of antifungal symbionts on certain life stages may indicate which stages are at greater risk of infection and should be targeted in conservation strategies.
The mechanism of acquisition of anti-Bd bacteria remains a frontier of research. Hundreds of bacterial isolates have been tested against Bd in co-culture challenge assays, and some have also been tested as probiotics for amphibians (Harris et al., 2006; Woodhams et al., 2008; Lam et al., 2010; Walke et al., 2011) . In particular, Janthinobacterium lividum was effective at preventing disease in endangered mountain yellow-legged frogs, Rana muscosa, from the Sierra Nevada of California ) but ineffective at preventing disease in a tropical species, the Panamanian golden frog, Atelopus zeteki (Becker et al., 2011) . While this bacterium is present on amphibians in Switzerland and the USA (Bletz et al., 2013) , its presence in other environments, such as the Neotropics, and its ecological relevance in chytridiomycosis dynamics are unknown. The distribution of this and other antifungal bacteria in the tropical Andes is unknown, but highly relevant for amphibian conservation. Ecuador has a range of biogeographic regions and host species that are ideal for surveying the ecological significance of J. lividum and other amphibian symbiotic bacteria.
METHODS

Study Species and Sampling Sites
We focused our sampling on the Andean marsupial tree frog, G. riobambae, a high altitude amphibian with big populations in the grassland mountains of Ecuador, and studied three developmental stages: tadpole, metamorph (individuals resorbing tails), and adult. At one site, Quito (Fig. 1) , G. riobambae were sampled at different times of the year shown in Table 1 in order to capture potential seasonal changes in microbiota. We opportunistically sampled additional amphibian species at the adult stage at nine sites along the Andes.
Mode of Amphibian Sampling
We sampled arboreal and terrestrial frogs along 300-m transects with visual-encounter surveys (Crump and Scott 1994) . Surveys were conducted for 3 h each of 2 consecutive nights at each locality.
Bd Detection and Quantification
In order to determine if the studied populations were infected by the pathogen Bd, we swabbed individuals in the field as described by Kriger et al. (2006) . We used real-time quantitative PCR to determine the presence and intensity of Bd following Boyle et al. (2004) . We sampled 4 adults per locality (Table 1) , and for G. riobambae we also swabbed metamorphs and tadpoles as described by Retallick et al. (2006) , by passing a swab along the body including the tail.
Culture of Bacteria from Frog Skin
To identify the culturable bacteria on the skin of the frogs, sterile cotton swabs were passed along the skin (twice along the ventral and dorsal surfaces, feet, and thighs) in a standardized fashion in the field. Swabbing included the body and tail of metamorphs, if present. For tadpoles, each side of the body, tail, and mouthparts was swabbed. As a precaution to only retain resident microbiota of the skin and not transient bacteria, individuals were first rinsed twice in sterile water (Lauer et al., 2007) . Swabs were struck on Plate Counting Agar plates (PCA, Becton, Dickinson and Co., Sparks, MD), as well as Aerobic Count Plates (3 M TM Petrifilm TM ). Bacteria from both plates were then isolated and cultured on MacConckey medium and PCA in the laboratory. Plates were examined each day on four consecutive days for colony picking. Cultures from all sites were grown under the same conditions in Quito (Table 1 , Fig. 1 ).
Bacterial Abundance
To estimate bacterial abundance, field-swabbed bacteria were cultivated on Aerobic Count Plates. A cm 2 dorsal surface was swabbed on all amphibians and tadpoles of G. riobambae in order to make comparisons across species and life stages in terms of bacterial abundance. Each swab collected was diluted in 1000 ll pure water and then diluted 1:10, four times. From the final dilution, 40 ll was taken, cultivated and observed daily for 4 days and colonyforming units (CFUs) counted. Differences in number of CFUs per cm 2 among development stages of G. riobambae were tested by ANOVA using IBM SPSS Statistics v. 22.
Bacterial Identification
Bacteria were identified using a combination of biochemical and molecular techniques. Morphologically distinct colonies were first identified. Isolates were surveyed for metabolic products indicative of the anti-Bd bacteria Pseudomonas fluorescens and Janthinobacterium lividum (Wiggins et al., 2011) . The aerobic gram-negative bacterium Pseudomonas fluorescens secretes fluorescein, and detection of fluorescence on culture plates was followed by biochemical and molecular identification. The aerobic gram-negative bacterium Janthinobacterium lividum produces violacein that has an intense violet color on plates and can be easily recognized prior to molecular identification. Morphologically indistinct isolates were identified from multiple samples. For these isolates, an RFLP analysis was performed with the restriction enzyme Hinf I (Invitrogen) on all pure cultures from each individual frog, in order to evaluate the diversity of the bacteria with similar morphology. Unique isolates were then further identified. Biochemical identification included Gram and Oxidase assays followed by the appropriate API TEST (Biomerieux) using biochemical probes. Molecular identification was performed to 15 isolates that have a distinctive morphology or color on culture plates. DNA from bacteria was extracted from pure liquid cultures with an Invitrogen Genomic extraction Kit and then amplified by PCR using universal bacteria 8F and 1492R primers (Lane, 1991) . The PCR products were purified with PureLink Ò PCR purification kit (Invitrogen TM ) and sequenced at SSISGMOL (Bogota, Colombia). All sequences were compared to those of reference organisms by BLAST search, using the GenBank database (Benson et al., 1999) . In order to assess the taxonomic diversity of the bacteria, sequence alignments and phylogenetic trees were performed and visualized using the program MEGA 5 (Tamura et al., 2011) , including all 15 sequenced isolates and close BLAST matches. All sequence data from this study have been deposited in the NCBI 
RESULTS
Bd Detection and Quantification
Bd was detected on all Gastrotheca species sampled and in Pristimantis unistrigatus. The Bd loads range from 0 to 100 zoospore genomic equivalents, and no clinical signs of chytridiomycosis were observed. Bd was not detected on the samples from low-altitude species; however, low sample size prohibits analysis of prevalence for given populations. We completed qPCR analysis of 60 total swab samples, including 4 individuals from each species and site (Table 1) in order to detect the presence of Bd. In 32 samples from adult frogs at high elevations, Bd was detected with a 31.3% infection prevalence (95% binomial confidence interval 16.1-50.0%). When all life stages were combined, highelevation amphibians had an infection prevalence of 32.5% (18.6-49.1%). Bd was not detected in 20 samples from adult frogs of a different species composition in low elevations (0-16.8% infected, Table 1 ). Thus, Bd infection prevalence was significantly higher at elevations above 1000 m.
Bacterial Abundance
Bacteria abundance was more than 2000 CFUs on each aerobic counting plate, in all samples. The mean of CFU counts/cm 2 from three development stages of G. riobambae is shown in Figure 2 . The mean abundance of skin bacteria are in the range reported for tropical frogs in Australia, on the order of 10 6 bacteria per cm 2 (Meyer et al., 2012) .
Bacterial abundance differed among life stages (KruskalWallis test, P < 0.001) and was lowest in tadpoles. The abundance of bacteria on adult frogs differed by elevation (Fig. 3) . Low-elevation frogs had significantly higher densities of skin bacteria than high-elevation frogs (independent t test, t8 = 2.57, P = 0.033).
Bacterial Identification
The bacteria identified in this study are reported in Table 1 . We found several bacteria with previously reported anti-Bd function on amphibian skin in Ecuador including J. lividum, P. fluorescens, and Serratia sp. These bacteria were hosted by several species and life-history stages, found at high-elevation sites above 1000 m ( Table 1 ). The bacterium J. lividum was found for the first time in the Neotropics. The proportion of G. riobambae sampled with at least one anti-Bd bacteria isolate was 70%. Similarly, 50% of the Pristimantis unistrigatus sampled hosted anti-Bd bacteria. Adult and metamorph G. riobambae were more likely to host anti-Bd isolates than tadpoles (Table 1 ; Fig. 2 ), Figure 3 . Mean bacterial abundance of five species from lowelevation sites (450-650) and five different species from highelevation sites (2460-3200 masl). Abundance measured as colonyforming units (CFU) per surface area of adult frogs. Low-elevation frogs have significantly higher densities of skin bacteria than highelevation frogs (independent t test, t8 = 2.57, P = 0.033) Figure 2 . Mean bacterial abundance across three life-history stages of Gastrotheca riobambae. Abundance measured as colony-forming units (CFU) per surface area. Density of skin bacteria differed significantly among life-history stages (Kruskal-Wallis test, P < 0.001)
DISCUSSION
We conducted a survey of the cultivable bacteria associated with the skin of frogs in Ecuador and found several isolates with known anti-Bd activity. These bacteria benefit host amphibians by limiting the ability of the fungus to colonize or proliferate on the skin, thus limiting disease development. Similar to temperate-zone amphibians, we found that frogs in the Andes are potentially protected by Janthinobacterium lividum, Pseudomonas fluorescens, and Serratia sp. (Harris et al., 2006 , Lauer et al., 2007 , Woodhams et al., 2007b , Lam et al., 2010 . High-elevation amphibians may have an increased level of disease resistance due to beneficial bacteria that extend host immunity. Rather than eliminating infection, the symbionts appear to enable the persistence of host frogs with low-intensity infections, and may prevent disease development (i.e., Woodhams et al., 2007b) . One study of the bacteria found on a tropical glass frog in Panama, Hyalinobatrachium colymbiphyllum, found evidence for vertical transmission of symbionts from adults to arboreal egg masses (Walke et al., 2011) . The development in G. riobambae starts from eggs that are in a pouch at the back of the female, and the larvae are deposited in still water or very slow-flowing streams. While we did not sample eggs in this study, the cultivable bacteria found on aquatic larval stages were significantly different than those found on terrestrial stages both in terms of richness and abundance. Similarly, distinct microbial communities across developmental stages were described by highthroughput sequencing in three amphibian species in Central Valley-California, but with high potentially antifungal bacteria at the tadpole stage in R. cascadae (Kueneman et al., 2013) . Notably, anti-Bd bacteria were absent from tadpoles of G.riobambae but present in metamorphs and adults. Thus, species-specific factors may determine recruitment of antifungal bacteria, and generalizing life stage-specific patterns in antifungal microbiota across amphibians may not be possible. At the same time, R. cascadae tadpoles can have high prevalence of Bd infectioninduced damage in mouthparts, without high mortality (Blaustein et al., 2005) . Neither Kueneman et al. (2013) nor the present study tested cultured isolates against Bd, and both studies rely on a comparative approach to known antifungal isolates.
Environmental transmission may be important for colonization of G. riobambae with beneficial bacteria, and thus, tadpoles may represent a more vulnerable stage for infection with Bd. The larval stages of many amphibian species are known for high susceptibility to infection (Green et al., 2002; Russell et al., 2010) , and in some cases, this leads to die-offs at metamorphosis (Bosch et al., 2001) . Thus, protection during this sensitive transition may benefit from probiotic disease mitigation strategies . More work is needed using cultureindependent and metagenomic analyses to understand whether there is a core microbiota that persists through development and that can be vertically transmitted.
While the antifungal mechanisms of beneficial bacteria are not fully understood, anti-Bd metabolites appear to be one important mode of host protection (Brucker et al., 2008a, b) . Bacteria such as J. lividum, Chromobacterium violaceum, and Iodobacter fluviatile produce a secondary metabolite called violacein that can inhibit Bd (Logan, 1989; Gillis and De Ley, 2006; Brucker et al., 2008b; Becker et al., 2009 ). There are also aquatic bacteria with this capacity such as Pseudoalteromonas (Yada et al., 2008) , Collimonas sp. (Hakvåg et al., 2009) , and Duganella sp. (Jiang et al., 2010; Aranda et al., 2011) . The cutaneous amphibian bacterium J. lividum has been particularly wellstudied and has demonstrated both in vitro and in vivo inhibitions of Bd Becker et al., 2009) . It has been proposed that the gut of the salamander Plethodon cinereus is a reservoir of J. lividum, and that the bacteria could be consumed and transmitted to the skin through the cloaca (Wiggins et al., 2011) . We found J. lividum on postmetamorphic Andean marsupial tree frogs, G. riobambae, after development from aquatic larvae. We also found J. lividum at high-elevation sites in Quito-Ecuador on Quito Robber frogs, Pristimantis unistrigatus, with direct development from eggs laid in excavated borrows. Thus, environmental transmission of this bacterium may be primarily from terrestrial sources.
There is a potentially strong selective pressure exerted by the emerging disease chytridiomycosis on amphibians. While the selective pressure on bacterial communities may not be very strong if the bacteria can also utilize environmental as well as host niches, the pressure on hosts to maintain beneficial symbionts is strengthened by virulent disease. Hypothesized mechanisms for establishing and maintaining these symbionts include behavioral ecology. Metamorphs showing behavioral detection and preference for microhabitats containing beneficial bacteria would be selected for. Indeed, J. lividum can be transferred from soil to salamanders (Muletz et al., 2012) . Alternatively, host skin that preferentially advantages beneficial symbionts may help hosts to avoid disease development. Immunological parameters of amphibian skin include mucosal antibodies, lysozyme, and antimicrobial peptides (RollinsSmith and Woodhams, 2012) . Antimicrobial peptides can target some microbial groups more than others (Conlon, 2011) and may thus allow for selective advantages for particular bacteria within the microbial communities on host skin. Host interactions may also be important for the transfer of beneficial microbiota such as those found here on G. riobambae. Host-associated bacteria under pressure from chytridiomycosis may also benefit from horizontal gene transfer, for example, the transfer of violacein production from one genus to another (Hakvåg et al., 2009 ). While we did not detect anti-Bd bacteria from two lowelevation sites, higher temperatures may ameliorate the risk of disease or reduce virulence (Woodhams et al., 2008) and selective pressure to maintain antifungal symbionts.
The bacterial abundance on frogs was on the order of 10 6 ; this is on a scale more similar to water than to soil in which bacterial abundance can reach 10 9 (Fierer et al., 2007) . Amphibian skin bacterial abundance has been observed within this range in other species (Meyer et al., 2012) . Total abundance including non-cultured bacteria is expected to be much higher. In water environments, there are important bacteria groups that fluctuate in abundance with ecological disturbances (Buchan et al., 2014) . The differences between low-and high-elevation sites may be due to several factors that remain to be studied, but it is important to set a baseline for the Neotropics in terms of bacterial abundance in amphibian populations affected and unaffected by Bd. Gastrotheca riobambae populations have not decreased in a near Andean region (Ramirez and Rodriguez, 2012) . Because G. riobambae can persist with a high prevalence of Bd infection (Manzano Pazquel, 2010 ; this study-Table 1), this species is of special interest for conservation of amphibians threatened by chytridiomycosis. Here, the finding of high prevalence of anti-Bd bacterial colonization suggests that microbiota defense is one important avenue aiding infection tolerance and population persistence at high elevations. Higher temperatures at low elevations may inhibit Bd infection (Stevenson et al., 2014) and reduce selection pressure for antifungal symbionts. In contrast, there are species of Pristimantis that have been observed to decline in the Andean regions of Ecuador (Cole et al., 2014) . We suggest that chytridiomycosis may be limited in G. riobambae in Ecuador by the natural acquisition of antifungal bacteria, and we are hopeful that this mechanism can be generalized to other threatened amphibians in the context of conservation management with bioaugmentation (Bletz et al., 2013) .
